Livestock are responsible for 12% of anthropogenic greenhouse gas emissions. Sustainable intensification of livestock production systems might become a key climate mitigation technology. However, livestock production systems vary substantially, making the implementation of climate mitigation policies a formidable challenge. Here, we provide results from an economic model using a detailed and high-resolution representation of livestock production systems. We project that by 2030 autonomous transitions toward more efficient systems would decrease emissions by 736 million metric tons of carbon dioxide equivalent per year (MtCO 2 e·y −1 ), mainly through avoided emissions from the conversion of 162 Mha of natural land. A moderate mitigation policy targeting emissions from both the agricultural and land-use change sectors with a carbon price of US$10 per tCO 2 e could lead to an abatement of 3,223 MtCO 2 e·y −1 . Livestock system transitions would contribute 21% of the total abatement, intra-and interregional relocation of livestock production another 40%, and all other mechanisms would add 39%. A comparable abatement of 3,068 MtCO 2 e·y −1 could be achieved also with a policy targeting only emissions from land-use change. Stringent climate policies might lead to reductions in food availability of up to 200 kcal per capita per day globally. We find that mitigation policies targeting emissions from land-use change are 5 to 10 times more efficient-measured in "total abatement calorie cost"-than policies targeting emissions from livestock only. Thus, fostering transitions toward more productive livestock production systems in combination with climate policies targeting the land-use change appears to be the most efficient lever to deliver desirable climate and food availability outcomes.
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ivestock are the source of 33% of the protein in human diets and, especially in developing countries, provide many other services such as traction, manure, risk management, and regular income (1) (2) (3) . At the same time, 30% of the global land area is used for livestock rearing, and expansion of the sector is a major driver of land-use change (4) . Between 1980 and 2000, 83% of agricultural land expansion in the tropics occurred at the expense of forests, and livestock were a major contributor (5) . Livestock contribute also 80% of all agricultural non-CO 2 emissions (6), which makes them responsible for about 12% of all anthropogenic greenhouse gas (GHG) emissions (7) .
Continued population and economic growth will double total demand for calories of animal origin by 2050 (8) . Satisfying future food demand using a business-as-usual production model will lead to serious environmental problems. Consumption either has to be reduced, or considerable productivity gains must be achieved, if the sustainability of the global food system is to be increased (9) (10) (11) . Large-scale quantitative assessments of the effects on land use and GHG emissions of human diets with reduced meat content agree on the expected benefits from such a change in consumer preferences (11) (12) (13) . Historically, though, it has been productivity improvements rather than reduced consumption that have led to equilibrium in agricultural markets (14) .
Yield improvements in the crop sector over the past 50 y have reduced real commodity prices, led to 86% less cropland expansion, and avoided emissions of some 590 billion metric tons of carbon dioxide equivalent (GtCO 2 e), compared with the situation without productivity increases (15) . The livestock sector has also seen productivity increases (16, 17) . For instance, in Brazil, one of the epicenters of land-use change, 79% of beef production growth between 1950 and 2006 came from productivity gains which in turn saved 525 Mha of land (18) . Some argue that feasible increases in livestock productivity could lead to land saving in the future as well (11) . This could be achieved through feeding practices that include less grazing and better quality feeds (19) , improved breeding, reproductive efficiency and health interventions (20) , and improved grassland management (21) . Such practices lead to transitions from low-input lowoutput systems (i.e., extensive rangeland systems) to more efficient and productive livestock systems (i.e., mixed crop-livestock and
Significance
The livestock sector contributes significantly to global warming through greenhouse gas (GHG) emissions. At the same time, livestock is an invaluable source of nutrition and livelihood for millions of poor people. Therefore, climate mitigation policies involving livestock must be designed with extreme care. Here we demonstrate the large mitigation potential inherent in the heterogeneity of livestock production systems. We find that even within existing systems, autonomous transitions from extensive to more productive systems would decrease GHG emissions and improve food availability. Most effective climate policies involving livestock would be those targeting emissions from land-use change. To minimize the economic and social cost, policies should target emissions at their source-on the supply side-rather than on the demand side.
industrial livestock systems). Although the nature of these transitions differs between regions, they are generally induced by changes in relative factor prices; because of the increased population density, land values are growing faster than the economic opportunity cost of labor. These processes have been well documented in livestock systems (22, 23) and are predicted to occur also in the future (24) . Transitions to more efficient livestock production systems present an attractive mitigation opportunity for reducing CH 4 and N 2 O emissions per unit of livestock product, while at the same time increasing productivity (25, 26) .
Here we investigate the role of livestock production system transitions (LPSTs) in achieving climate policy targets. Existing classification schemes of global livestock production systems recognize large diversity in management practices within each region (27, 28) . Herrero et al. (29) provide the first systematic quantification of global livestock systems in terms of feed use, feed conversion efficiency, land productivity, and non-CO 2 emission intensity. They distinguish eight production systems for ruminants and two production systems for monogastrics. We focus on ruminants because they represent more than 80% of total livestockrelated GHG emissions (29, 30) . Ruminant production systems are classified along two dimensions: (i) feed composition moving from grass-based diets in grazing systems to greater shares of concentrates in mixed crop-livestock systems and landless systems, and (ii) the agroecology gradient which goes from arid through humid to temperate/tropical highland systems (for more detail on the system classification, see Methods). In what follows, LPSTs refer to changes in the relative distribution of animals between grazing and mixed systems within the same agroecological zone.
The importance of distinguishing between grazing systems and mixed crop-livestock systems for forward-looking analysis has already been recognized (9) . However, the available data did not allow the authors to consider more than two aggregate livestock production systems. Here, we use the dataset by Herrero et al. (29) in a comprehensive economic model Global Biosphere Management Model (GLOBIOM). GLOBIOM has been used in the past for global integrated assessments of crop and bioenergy production that focus on future land-use change, water requirements, and GHG emissions (31) (32) (33) (34) (35) . This model provides a detailed description of production possibilities at a high spatial resolution, taking into account the availability of grazing areas and fodder as well as various crop feed mixes across systems and regions. Therefore, we are able to simulate livestock system transitions endogenously in response to socioeconomic drivers and climate change mitigation policies.
We designed a set of scenarios to help disentangle the complex relationships between livestock, GHG emissions, and food supply. First, we implemented a baseline scenario to 2030 (DYN) that represents a dynamic livestock sector capable of responding to economic drivers by adapting the structure of production systems to the changing environment. The demand system is calibrated to closely mimic food demand projections by the Food and Agriculture Organization (Rome) (FAO) (6) . To quantify the contribution of autonomous LPSTs to climate change mitigation, a counterfactual scenario (FIX) was developed in which the relative distribution of ruminants across the different livestock production systems was kept as it was in 2000, whereas consumption levels were identical to those in the dynamic scenario. Integrated policy development covering emissions from the agricultural and land-use change sectors is being considered under the United Nations Framework Convention on Climate Change (36) . Therefore, in a second step, we investigate the role of LPSTs in reducing emissions from the agricultural and land-use change sectors under explicit mitigation policies. Different levels of mitigation incentives were simulated using a range of prices for carbon. Finally, we discuss the impacts of our mitigation strategies on food availability, and demonstrate the asymmetry between food supply-side and demand-side approaches to mitigation.
Results
LPSTs Contribute to GHG Emission Reductions. Economic growth is expected to lead to a significant rise in demand for livestock products. We project demand for monogastric meat and eggs to increase the most, by 63% between 2000 and 2030, and ruminant meat and milk demand to increase by 44% and 55%, respectively; all of these outstrip expected population growth (34%) because of dietary shifts in developing countries.
To meet this additional food demand, the ruminant herd would increase by 37% under DYN. LPSTs taking place in this scenario would lead to a larger increase in the number of ruminants reared in mixed systems compared with the reference scenario, FIX, in which the relative distribution of ruminants across the different systems remains the same in each region as in 2000 (Fig. 1) Fig. S1 ). The direction and speed of these autonomous LPSTs are consistent with historical observations (9) . These LPSTs will lead to substantial GHG emission reductions. Total agricultural and land-use change emissions under DYN average at 7.1 GtCO 2 e·y −1 over the period 2010-2030 (Fig. 1) . Non-CO 2 emissions from livestock production represent 46% of the total emissions, with methane emissions from enteric fermentation being the most important source with 2.0 GtCO 2 e·y −1
. Carbon dioxide emissions from land-use change represent 33% of total emissions (see SI Appendix, Table S1 for detailed results by region and category). Total emissions in DYN are 9% lower than in FIX, saving 736 million metric tons of carbon dioxide equivalent per year (MtCO 2 e·y −1
). The emission reductions occur mainly through land sparing; CO 2 emissions from land-use change are reduced by 23% compared with the FIX scenario, whereas the reduction in direct non-CO 2 (methane and N oxide) emissions is modest (<5%).
Land Sparing Is an Important Outcome of the Production System
Transitions. The feed-use efficiency of mixed systems is in general, for the same agroecological zone, higher than that of grazing systems (SI Appendix, Fig. S2 ). LPSTs can therefore improve the output-to-feed ratio for meat and milk (Fig. 2, x axis) . The global effect of these transitions-DYN compared with FIX-is modest (3% feed productivity increase for ruminant meat and less than 1% productivity increase for milk by 2030), but it is substantial in some regions. For example, for ruminant meat, +19% in sub-Saharan Africa and +11% in Latin America; or for milk, +19% in Southeast Asia and +11% in the Middle East and North Africa.
A gain in feed productivity is one of the two components of land productivity increases. The other component is increased forage productivity. Increased forage productivity can occur through intensification or through relocation of fodder production to higher yielding land. Between FIX and DYN, land productivity increased by 4% for ruminant meat and by 9% for milk globally by 2030 (Fig. 2, y axis) . The increase was particularly strong in Latin America, and in regions of Africa and Asia, which experienced productivity improvements in the range of 15% to 30%. In most regions, changes in feed and land productivity were positively correlated. In Eastern Asia, land productivity increased through allocation of a small share of ruminants to high-yielding grasslands although feed productivity decreased.
LPSTs resulted in a global decrease in grass consumption of 3% but an increase in feed grain consumption by 3% (SI Appendix, Fig. S3 ). These modest changes in feed requirements have substantial impacts on land-use change (SI Appendix, Fig.  S4 ). Under DYN, croplands expanded globally by 105 Mha over the period 2000-2030, which was 14 Mha more than under the counterfactual FIX scenario. However, over the same period 176 Mha of pastures were spared under DYN compared with FIX. Consequently, conversion of 56 Mha of forest and 106 Mha of other natural land would be avoided. The higher land productivity would also improve food availability through reduced milk and meat prices (−23% globally under DYN compared with FIX in 2030; SI Appendix, Fig. S5 ).
Targeting Fig. 1 shows the effect of a global mitigation policy applied to both agricultural and land-use change emissions (M-ALL) in the form of a carbon price of US$10 per tCO 2 e in 2030 (a detailed description of the mitigation policies is provided in Methods and SI Appendix). This corresponds to the price necessary to stabilize the radiative forcing at 4.5 W·m −2 by 2100 (37) which would limit the global temperature increase to 2.4°C (37, 38) . Under this policy, annual emissions from agriculture and land-use change are reduced by 3,223 MtCO 2 e from the reference level (FIX) over the period 2010-2030. Reduction of emissions due to avoided deforestation and other land-use change constitutes 90% of the total. Reduction of direct emissions from the agricultural sector represents 10% of the total abatement (Fig. 3A) . Fifty percent of the total abatement takes place in Latin America, 27% in subSaharan Africa, and 13% in Southeast Asia (SI Appendix, Fig.  S6 ). Livestock system transitions actively contribute to mitigation, with a larger share of animals in the mixed systems, particularly the more intensive systems in the temperate zones and tropical highlands (SI Appendix, Fig. S1 ).
At a carbon price of US$10 per tCO 2 e, mitigation policies that target the non-CO 2 emissions only from the livestock sector (M-LVS) or the non-CO 2 emissions from the entire agricultural sector (M-AGR) would lead to a total reduction of annual emissions by 1,049 and 1,152 MtCO 2 e, respectively (Fig. 3A) . Under both policies, the reduction of non-CO 2 emissions from the agricultural sector would represent about 15%, whereas land-use change would represent 85% of the total emissions abated. In contrast, at the same carbon price, mitigation policies targeting only the CO 2 emissions from land-use change (M-LUC) would lead to a reduction of annual emissions by 3,068 MtCO 2 e, or 95% of the emissions abated compared with policies targeting both agricultural and land-use change sectors (M-ALL). Marginal abatement cost (MAC) curves provide further insight into economic abatement potential globally and at the regional level (SI Appendix, Fig. S7 ).
The Role of Livestock System Transitions in Emission Reductions Depends on the Level of the Carbon Price and Which Emissions
Sector Is Targeted by the Policies. Transitions in livestock systems are one of many complex and interlinked adjustments that occur in the global food system and help to achieve reductions in GHG emissions. Using a decomposition method described in SI Appendix, we calculated that under the mitigation scenario (M-ALL), LPSTs would contribute 21% of the total abatement of 3,223 MtCO 2 e·y −1 (Fig. 3B) , intra-and interregional relocation of livestock production another 40%, and all other mechanisms would add only 39%. The relative importance of LPSTs as a mitigation mechanism is highest when carbon prices are low and when emissions from land-use change are not subject to mitigation policies. When land-use change emissions are targeted by GHG Fig. 2 . Projected feed and land productivity changes in (A) ruminant meat and (B) milk production. Productivity was normalized to year 2000 values. The origin of the arrows represents productivity in 2030 under the FIX scenario and the location of the arrowhead points to productivity levels in the DYN scenario. Feed productivity is defined as the relative change in tons of protein produced per dry matter ton of feed. Land productivity is defined as the relative change in tons of protein produced per hectare of grassland and feed cropland. The arrows do not start from the y axis because of the composition effects across the 30 GLOBIOM regions, species (bovinessmall ruminants), and production types (dairy-other).
abatement policies (M-LUC and M-ALL), it is more economical to relocate livestock production from regions with high rates of deforestation to other regions rather than to rely on local LPSTs. Where policies focus only on the non-CO 2 emissions from the agricultural sector (M-LVS and M-AGR), the contribution of LPSTs also declines with increasing carbon price, but as all regions are affected, international trade only has a minor contribution to the mitigation. The majority of the mitigation would come from demand-side adjustments in these cases. In the M-AGR scenario, changes in diets contribute 2,002 MtCO 2 e·y −1 at a price of US$100 per tCO 2 e, raising the question of what the impacts of such policies would be on food availability.
Supply-Side Policies Have Lower Calorie Cost than Demand-Side
Policies. Changes in diets are considered to be an effective GHG mitigation option in developed countries (39, 40) . In contrast, mitigation options that would induce reduction in consumption could lead to further malnutrition or undernutrition in the developing world. For this reason, the calorie cost of mitigation, defined as the difference in food availability with and without a mitigation policy, should be considered in tandem with the economic cost when evaluating climate mitigation policies that affect food production. Fig. 4 presents what we term the "total abatement calorie cost" (TACC) curve, where the level of consumption change induced by a particular policy is plotted on the y axis against the level of GHG abatement on the x axis. Our results show that a mitigation policy targeting the agricultural and land-use change sectors with a carbon price of US$10 per tCO 2 e would lead to a total food availability loss of 40 kcal per capita per day, of which animal calories would account for 10 kcal. At a price of US$100 per tCO 2 e, the global calorie cost reaches around 200 kcal per capita per day. At that carbon price level, the impact on consumption is still small in developed regions (a reduction of 2-3% only in Europe and North America), where food demand is less sensitive to price changes. In contrast, developing countries would face significant reductions in food availability: 13% in Southeast Asia (because of high demand and its sensitivity to the price of rice); 8% in Eastern Asia; and 7% in South Asia, sub-Saharan Africa, and Latin America. Regional TACC curves (SI Appendix, Fig. S8 ) illustrate that there is not a direct relationship between the amount of abatement and the loss in calorie availability at the regional level. Even in regions where almost no abatement takes place, calorie consumption decreases because of the impact of the carbon price on agricultural prices (SI Appendix, Fig. S5 ).
When targeting only specific emission sources, a climate mitigation policy that targets the land-use change (M-LUC) is the most efficient, not only from the economic cost perspective as discussed above but also from a calorie cost perspective. For an abatement level of about 2.5 GtCO 2 e·y
, targeting the non-CO 2 emissions from the livestock sector (M-LVS) instead of land-use change would increase the calorie cost by more than 50%. Still, targeting the livestock sector appears less inefficient from the food availability perspective than targeting agriculture as a whole. This is because of the low share of animal calories in human diets (less than 20% on average). Targeting the livestock sector also allows for compensation of the reduction in animal calories through an increase in consumption of vegetal calories which become cheaper than under DYN (SI Appendix, Fig. S5 ).
We can compare the impact of these mitigation policies with the effect of an equivalent reduction in food consumption as considered in other studies (7, 12, 13) . Fig. 4 shows that, for instance, under the mitigation scenario M-ALL with US$10 per tCO 2 are, depending on the level of calorie availability decrease, 30-80% less effective in reducing emissions than its supply-side policy equivalent. This means that demand-side policies would require substantially higher calorie reductions to achieve the same mitigation levels than policies directly targeting emissions from agriculture and land-use change on the producer side.
Discussion
Transitions to More Efficient and Less Land-Demanding Livestock Systems Provide Significant Emission Savings. Even without mitigation policies, LPSTs could save 736 MtCO 2 e·y −1 by 2030. With mitigation policies in place, they would be the mechanism behind up to 70% of total abatement depending on the sector targeted and the level of the carbon price. Changes in relative factor prices are recognized as the most important driver of livestock system transitions (22, 23) . Also in our model, the relative land price is the major driver of the projected developments. In reality, however, many barriers exist to the adoption of modified systems; education and market access are recognized as fundamental enabling conditions (23) . Hence, transitions projected under our dynamic scenario will occur only in a favorable policy environment that promotes considerable investment in market infrastructure for livestock products, inputs, and service provision (1, 41) . On the other hand, there are considerable challenges associated with the intensification of livestock production, such as sanitary issues and animal well-being concerns, as well as social impacts related to the role of smallholders in livestock production and to the various cobenefits of livestock in rural areas, such as draft power and subsistence income (1, 39) . Safeguards need to be in place to limit the potential negative social or environmental effects of future developments in the livestock sector.
International Cooperation Is Necessary to Achieve Ambitious Mitigation
Targets. Along with LPSTs, regional and international livestock production reallocations appear to be an important pathway for reducing GHG emissions from the livestock sector. Together with system transitions, reallocations could lead to around 60% of the abatement of emissions from agriculture and land-use change. Regional reallocation contributes mainly through improved land management, which provides more productive land to animals and reduces the carbon footprint from grassland and feed cropland expansion (42) . International trade adds the benefit of using more productive livestock systems in other parts of the world. Here we have considered only the option of system shifts within the systems currently available in each region. This choice was motivated by the fact that each region has its own specificities, which may prevent systems in one region being completely suited to another. Nevertheless, there are many technology and management options that could be transferred to developing regions and lower the mitigation cost as well as reduce the impact on food availability. Mitigation policies have been previously shown to accelerate innovation also in other sectors (43) .
Climate Change Mitigation Impacts on Food Availability Will Largely
Depend on the Concrete Policy Design. LPSTs can reduce emissions significantly and contribute to lowering food prices. At the same time, simple climate policies are projected to reduce food consumption in some developing regions. Economically efficient solutions that maximize the amount of GHG abatement at a certain carbon price, such as those presented here, may have important social costs in terms of decreased food availability. Mitigation policies for the agricultural sector need to be designed with particular care and creativity, and may need to be accompanied by systematic evaluation of their social effects in order not to adversely affect the poor.
For the same level of abatement, supply-side policies that directly target the different sources of emissions at their source lead to substantially lower food availability losses than the demand-side policies considered by some authors (12, 13) . This is mainly because of the cobenefits arising from reductions in land-use change emissions under supply-side policies which the demand-side policies are unable to capture. On the other hand, each calorie is not the same, and demand-side policies would certainly focus on those developed regions characterized by overconsumption. Such demand-side policies would then have no negative effect on the poor, and could even have a positive one if they lowered food prices. Nevertheless, the outcome of such policies in terms of GHG emission reductions remains uncertain.
Reducing Emissions from Land-Use Change Is a Promising Way
Forward. Our analysis suggests that mitigation policies are most effective when they target land-use change. This is true in terms of both cost efficiency and minimization of negative effects on consumption. Targeting land-use change will achieve 95% of the maximum abatement resulting from a comprehensive mitigation policy, which includes all land-related emission sources and sinks. Few national policy processes recognize the key role of livestock in reducing pressure on land expansion and direct emissions; this includes those designed to reduce emissions from deforestation and forest degradation, such as Brazil's low-carbon agriculture program (44) . Livestock sector policies need to be coordinated-providing appropriate financial incentives, facilitating institutional change for rural development, and implementing novel technology diffusion mechanisms, for instance-if desirable food security and social and environmental outcomes are to be achieved in concert.
Methods
Modeling Approach. The analysis is carried out using the GLOBIOM (31), a global partial equilibrium model integrating the agricultural and forestry sectors in a bottom-up setting based on detailed gridcell information. Table S2 ). Economic concepts are based on a spatial equilibrium modeling approach (45, 46) . The model determines optimal land and resource allocation by maximizing the sum of consumer and producer surplus, and provides associated prices. Below we present briefly the most important features of the modeling approach but all of them are developed in greater detail in SI Appendix.
Land Use, Crops, Grasslands, and Forest. The supply side of the model is based on a detailed disaggregation of land into simulation units-clusters of 5 arcminute pixels belonging to the same country, altitude, slope, and soil class and to the same 30 arc-minute pixel (47) . The productivity of crops, grasslands, forests, and short-rotation tree plantations is estimated together with the related environmental parameters (GHG budgets, nitrogen leaching), at the level of simulation units. For crops, yields under different management systems are estimated using a biophysical model, the Environmental Policy Integrated Climate (EPIC) model (48) . For forest, we use downscaled information from a well-established dynamic forest management model, the Global Forest Model (49) . Grassland productivity is obtained by combining results of two different models, EPIC and CENTURY (50), depending on the regional species distribution and management practices.
Livestock Production Systems. The way in which the livestock sector is represented constitutes a particular feature of GLOBIOM: the model fully incorporates the updated International Livestock Research Institute/FAO production systems classification (27) (28) (29) . For ruminants, we represent the 11 production systems from this nomenclature with 8 aggregates: grazing systems (LG) are included as in the classification, whereas mixed rainfed systems (MR) and mixed irrigated systems (MI) are merged into a single mixed systems class (MX). The second dimension is the agroecological zone (A, arid and semiarid; H, humid and semihumid; T, tropical highlands and temperate). OTH and URB systems are also preserved in the model but, as these are very heterogeneous groups as compared with the well defined grazing and mixed systems, their livestock numbers are kept constant. Livestock production system parameterization relies on the dataset by Herrero et al. (29) .
GHG Emissions. GHG stocks and flows (CO 2 , CH 4 , N 2 O) are detailed for enteric fermentation, manure management, manure on pasture, manure applied to soils, synthetic fertilizers, rice cultivation, deforestation, and other landuse change.
Baseline Assumptions. The model is run for the 2000-2030 period under an exogenous population scenario based on "shared socioeconomic pathway" scenario no. 2 (or "middle of the road") (51) . World population is assumed to reach 8.2 billion in 2030 and average income per capita to almost double over the same period. Food demand per capita increases by 7% to 2030 following dietary patterns proposed by the FAO (8) . Consumption in GLOBIOM also responds endogenously to price variations in the baseline.
Scenarios. Two alternative scenarios are set up which differ in the dynamics of the livestock sector. In the DYN scenario, expansion of each livestock system can take place freely within each country, based on relative cost efficiency with respect to sources of feed, and future demand. Intensification or extensification can therefore occur through shifts in the system mix of the region, with corresponding changes in productivity and GHG emission intensity. A counterfactual scenario, FIX, is in the model implemented through a constraint that fixes at the regional and local level the relative distribution of ruminants across the production systems at values observed for 2000. Production growth in FIX can thus occur only through interregional relocation and pure expansion. To improve comparability of the two cases, food demand in FIX was kept at the level calculated under the DYN scenario.
Four mitigation scenarios were developed and simulated through a carbon price penalizing GHG emissions equally in all regions: (i) M-LVS applies the carbon price to non-CO 2 emissions from livestock production only, (ii) M-AGR targets non-CO 2 emissions from both livestock and crop production, (iii) M-LUC penalizes the CO 2 emissions from deforestation and other landuse changes only, and (iv) M-ALL applies the carbon price to emissions from both the agricultural and land-use change sectors. These mitigation scenarios are simulated using a carbon price in the range of US$5 to US$100 per tCO 2 e, the usual range considered for mitigation policies at horizon 2030 (37) .
